Anaerobic degradation of organic material generally proceeds through a sequence of steps, including polymer hydrolysis, fermentation and respiration or methanogenesis. The intermediates, such as volatile fatty acids (VFA) or H 2 , are generally maintained at low concentration, showing a close coupling of the terminal oxidation to fermentation. We exposed marine sediments to extreme temperature perturbations to study the nature and robustness of this coupling. Bacterial sulfate reduction and its dependence on fermentation were studied experimentally over a broad temperature range of À0.3 to 40 1C in sediments from temperate and permanently cold environments. In an Arctic sediment from Svalbard, the apparent optimum temperature for sulfate reduction decreased with prolonged incubation, whereas sulfate reduction rates increased. In a temperate sediment from the North Sea, the apparent optimum temperature was higher and did not change with incubation time. Up to a critical temperature, the concentrations of VFA remained low, o3 lM for acetate and o1 lM for the other VFA, the H 2 concentration showed thermodynamic control by sulfate-reducing bacteria, revealing a close coupling of fermentation and sulfate reduction. Above the critical temperature, the concentrations of VFA and H 2 increased transiently by 100-1000-fold. According to the different in situ temperatures of the samples, the critical temperature was lower for sediments from the Arctic than from the North Sea. The H 2 concentrations decreased again upon prolonged incubation to values typical for sulfate-depleted methanogenic sediments. This suggests that fermentative bacteria and methanogenic archaea in both sediments tolerated higher temperatures than the sulfate-reducing community.
Introduction
The quality and quantity of organic matter control its rate of degradation in marine sediments (Arnosti et al., 1998; Thamdrup and Fleischer, 1998) . Temperature is also a major regulating factor (Westrich and Berner, 1988; Westermann, 1992; Nedwell, 1999; Pomeroy and Wiebe, 2001) , as seen by the fact that microbial processes in environments with strong seasonal temperature variation decrease substantially during winter (for example, Crill and Martens, 1987; Jørgensen and Sørensen, 1985; Westrich and Berner, 1988 ). Yet, sediments from permanently cold sites may have process rates, for example, of sulfate reduction or nitrification, similar to rates at warmer temperate sites (Sagemann et al., 1998; Thamdrup and Fleischer, 1998; Knoblauch and Jørgensen, 1999) .
The response of microbial processes to short-term changes in temperature appears to depend on the in situ temperature (Arnosti et al., 1998; Sagemann et al., 1998) and on the specific metabolic process (Arnosti et al., 1998; Arnosti and Jørgensen, 2003) . Bacteria show a wide range of temperature adaptations (Wiebe et al., 1993; Isaksen and Jørgensen, 1996; Knoblauch and Jørgensen, 1999; Nedwell, 1999) . Sulfate reduction rates (SRRs), accordingly, show a dependence on incubation temperature, which is related to the in situ temperature of the sediment (Arnosti et al., 1998; Sagemann et al., 1998) . Carbohydrate hydrolysis was found to have a different temperature response than SRR, with a similar optimum temperature but a higher maximum temperature in permanently cold and temperate environments (Arnosti et al., 1998) . Acetate production from organic matter in coastal sediment (Wellsbury et al., 1997) showed a higher temperature optimum and maximum than sulfate reduction from comparable temperate sites (Arnosti et al., 1998) , both in short-term incubations. Long-term incubations showed a slight transient accumulation of acetate at 30 1C but no increased concentrations of H 2 or acetate between 0 and 50 1C after 18 months of incubation (Parkes et al., 2007) . Interestingly, thermophilic sulfate-reducing prokaryotes have been found in temperate and permanently cold sediments (Nickel, 2006; C Hubert, unpublished data) . The source of these bacteria, which are inactive at the low in situ temperatures, is unknown to date.
In anoxic ecosystems, organic matter is degraded through a sequence of steps with different microorganisms involved (for example, Capone and Kiene, 1988) . The first step is an extracellular hydrolytic degradation of polymers followed by a fermentation of the monomers or oligomers to mainly volatile fatty acids (VFAs) and H 2 . Finally, when an electron acceptor is available, a terminal oxidation of the VFA and H 2 to CO 2 and water occurs. In marine shelf sediments, sulfate reduction is the most important anaerobic terminal oxidation step (Jørgensen, 1982) . Under in situ conditions, sulfate reduction and fermentation are usually well balanced as evidenced by low concentrations of the intermediates, VFA and H 2 . Under steady state conditions, H 2 concentrations are kept at a minimum, controlled by a thermodynamic change in free energy of À15 to À20 kJ mol À1 for its oxidation with the respective electron acceptor (Lovley and Goodwin, 1988; Schink, 1997; Hoehler et al., 1998) . The VFA concentrations do not appear to be thermodynamically controlled but usually remain in the lower micromolar range (for example, Christensen and Blackburn, 1982; Wu and Scranton, 1994; Wellsbury and Parkes, 1995) . The actual mechanisms controlling VFA concentrations in marine pore waters are not yet understood. Changes of the sediment structure or biogeochemistry can, however, influence the balance between fermentation and the terminal oxidation, leading to higher concentrations of the fermentation products. Hoehler et al. (1998) reported transiently increased VFA and H 2 concentrations in Cape Lookout Bight sediments during the transition from sulfate-reducing to methanogenic metabolism. Mixing of marine sediments also disturbs the close coupling between fermentation and sulfate reduction causing the VFA and H 2 concentrations to increase (Finke, 1999; Arnosti et al., 2005) . The response of the VFA concentrations to mixing was enhanced by increased temperature, but the steady state concentrations after 8 days of incubation were the same, regardless of the incubation temperature (Finke, 1999) . This transient uncoupling between sulfate reduction and fermentation by a temperature increase is not well understood. Under steady state conditions, the sulfate-reducing prokaryotes are generally electron donor limited and, thus, depend on the activity of the fermenting microorganisms to increase their metabolism. As a result of such a limitation, the addition of substrate to a hydrothermal sediment from the Guayamas Basin resulted in a decrease of the apparent optimum temperature for sulfate reduction in the sediment (Elsgaard et al., 1994) . The authors concluded that the sulfate reducers were substrate limited at their optimum temperature and that the fermenting microorganisms had a higher optimum temperature. It is generally not clear whether short-and long-term responses of sulfate reducers are the same and whether sulfate reducers and the fermenters respond similarly to temperature changes. A faster response of the fermenters following an upshift in temperature would lead to a transient increase in fermentation products. A potentially faster response of the sulfate reducers would be masked by the substrate limitation and would, therefore, not lead to a change in substrate concentration or SRR.
Studies of temperate sediments during different seasons showed similar temperature response of sulfate reduction during summer and winter (Jørgensen, unpublished data) , whereas aerobic respiration showed different responses . This indicates that aerobic populations adapted to different temperatures alternate over the course of the year, rather than one population persisting, that is well adapted to the whole seasonal temperature range. In the absence of seasonal temperature changes in permanently cold environments, it would be plausible that one specialized population persists throughout the year.
In the present study, we investigated the influence of a sudden temperature shift on SRR and VFA and H 2 concentrations in sediments from permanently cold and from temperate environments. A goal of our temperature experiments was to understand how robust the coupling between fermentation and anaerobic respiration is during perturbations of this key environmental factor and how this may depend on the natural variations.
Materials and methods

Sampling sites
Sediments were sampled at four different sites. The Stations BC and J are located in deep and permanently cold Arctic fjords on the west coast of Svalbard, whereas the Stations Neuharlinger Siel (NHS) and Weddewarden (WW) are situated on mud flats in the German Wadden Sea.
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen Svalbard Station BC is located at 78131 0 N, 015106 0 E in the Nordfjorden. Sediments were taken with a haps corer (Kanneworff and Nicolaisen, 1983) in September 2001. The bottom water temperature was 1 1C and the water depth was 100 m. Sediment from the 3-8 cm depth horizon was transferred into brown glass jars, capped without air space and stored at 0 1C. Station J is located at 79193 0 N, 11105 0 E in the Smeerenburgfjorden. Samples were taken with a haps corer in July 1999. The bottom water temperature was 0 1C and the water depth was 215 m. Sediment from the depth of 2-9 cm was transferred into brown glass bottles and stored at 0 1C.
Station BC was used for measurements of VFA and H 2 over the course of the 29-day incubation. Additionally, sulfate concentrations were measured after 10 days to calculate SRRs. Station J was used for radiotracer studies of SRRs.
Wadden Sea
Station NHS is located at Neuharlinger Siel at 53142 0 8.5 00 N, 7142 0 33.2 00 E on an intertidal mud flat about 15 m seawards from the shore break in the German Wadden Sea. The samples were taken by hand in October 2001 during low tide and sediment from the depth of 5-12 cm was filled into brown glass jars and stored at 16 1C. At the time of sampling, the in situ temperature ranged from 16 1C at the sediment surface to 10.5 1C at a depth of 15 cm. During the course of the year, the sediment surface temperature ranges from À1 1C to about 30 1C. Station WW is located at Weddewarden at 53136.1 0 N, 8131.3 0 E on an intertidal mud flat on the east coast of the estuary of the German river Weser. Sediments were collected by hand in June 1995. The sediment temperature was 20 1C at the sediment surface. The annual temperature ranges similarly from 0 to 30 1C. Samples were collected at low tide by hand and transported directly to the laboratory.
Station NHS was used for measurements of VFA and H 2 over the course of the 9-day incubation. Additionally, sulfate concentrations were measured after 6 days to calculate SRRs. Station WW was used for radiotracer studies of SRRs.
Incubation
At every timestep and temperature, a single sample was taken for every parameter determined. Replication was obtained through neighboring samples taken at slightly different temperatures and repeated sampling at different time points. In a few cases, individual extreme data points were excluded from the regression lines. Three different incubation phases were used for the experiment. The time between the sediment mixing and placement into the temperature gradient block is referred to as the preincubation, the time in the gradient block as incubation and the time during which radiolabelled sulfate was present in the samples as tracer incubation.
The sediments from Stations J and WW were homogenized and diluted 1:1 with oxygen-free seawater from the sampling site. To ensure that the observed SRRs were controlled by the different incubation temperatures and not by changing fermentation rates at the different temperatures and thus different availability of VFA, a mixture of acetate, butyrate, formate, lactate and propionate final concentration 1 mM was added to the slurry. Previous incubations with sediment from Svalbard showed no difference in the short-term optimum temperature for sediment with and without substrate addition (data not shown). Subsamples of 8-10 ml were transferred into N 2 -flushed glass tubes, which were immediately sealed with butyl rubber stoppers. The tubes were incubated for 1 h (Station WW) or for 0.3, 2.1, 4.2, 6.2, 8.5, 10.8 and 11.5 days (Station J) in a temperature gradient block (Sagemann et al., 1998) , prior to the addition of 100 ml of 35 SO 4 2À -tracer solution (100 kBq, carrierfree, specific activity 37 GBq mmol À1 , Amersham, Buckinghamshire, UK). The temperature range in the gradient block was set at À3.5 to 40 1C. At each sampling time, one row of tubes covering the temperature spectrum in the gradient block was injected and sampled for SRRs. The tracer incubation was terminated by addition of 1 ml of 20% zinc acetate solution and freezing of the sample. Reduced 35 S was analyzed by the single-step chromium reduction method (Fossing and Jørgensen, 1989) , and the SRRs were calculated per cubic centimeters of undiluted sediment as described by Jørgensen (1978) .
The sediment from Stations BC and NHS was filled into gas-tight plastic bags (Hansen et al., 2000) , homogenized without airspace and preincubated for 3 weeks at 0 1C for Station BC and at 16 1C for Station NHS. This preincubation was necessary to allow the VFA and H 2 to decrease to in situ levels after a transient increase, seen in previous studies (Finke, 1999; Arnosti et al., 2005; Finke et al., 2007a, b) . About 5 ml of the sediment was filled into N 2 -flushed glass tubes. The tubes were sealed with thick butyl rubber stoppers and placed in a temperature gradient block with a temperature range of 0.3-40 1C. The tubes were placed in three rows of parallel holes in the block at temperature increments of B1.3 1C. Pre-experiments were run to determine the appropriate time course of the experiment. The time points for VFA sampling were chosen at maximum, decreasing and finally low H 2 concentrations at the highest temperatures. High temperatures were chosen as these proved to be the most dynamic in terms of H 2 and VFA concentrations over the course of the experiment.
The concentrations of H 2 and VFA are discussed for a temperature range above and below a critical temperature (T crit ). This T crit is defined as the highest temperature with no significant concentration increase compared to samples at lower temperatures. For H 2 , this means no stronger increase than the thermodynamic control of the concentrations suggests.
H 2 measurements Hydrogen concentrations in the sediment were determined several times during incubation by a headspace equilibration technique (Lovley and Goodwin, 1988; Hoehler et al., 1998) . The H 2 concentration in the gas phase was measured with a reduced gas analyzer (RGA3, Trace Analytical). H 2 concentrations were calculated from the H 2 solubility in seawater (Croizer and Yamamoto, 1974) . The concentrations were measured after 1, 2, 4, 6, 10 and 29 days of incubation for the permanently cold Station, BC, and after 2, 3, 4 and 5 days for the temperate Station, NHS. The graph of the 8-day incubation from the pre-experiment is also included.
For temperatures below 25 1C for Station BC and 30 1C for Station NHS, the average of two neighboring temperatures was taken to reduce the number of data points and increase the clarity of the graphs.
VFA measurements
Volatile fatty acids were measured by high-performance liquid chromatography according to Albert and Martens (1997) . After 4, 10 and 29 days for the BC samples, and 3, 6 and 9 days for the NHS samples one of the three parallel rows of tubes was centrifuged at 2000 g at 4 1C for 10 min. The supernatant was frozen in precombusted brown borosilicate vials. The acids were derivatized with p-nitrophenyl hydrazine, separated on high-performance liquid chromatography using a LiChrosphere 80/100 (Knauer, Berlin, Germany) column and the concentrations determined from the absorption on a UV/VIS detector (Linear) at 400 nm. The detection limits for the different acids were 0.5 mM for glycolate, lactate and propionate; 1 mM for acetate, formate and isobutyrate; 2 mM for butyrate and 5 mM for isovalerate and valerate. Formate could be measured only at relatively low acetate levels, as the two peaks had similar retention times.
Sulfate measurements A 50 ml subsample was taken from the pore water and added to 50 ml 20% Zinc acetate to precipitate sulfide. The samples were frozen until analysis. The sulfate concentration was measured using non-suppressed ion chromatography with a Waters IC-Pak anion exchange column (50 Â 4.6 mm) and a Waters 430 conductivity detector (Ferdelman et al., 1997) . The eluant was 1 mM isophthalate buffer in 10% methanol, adjusted to pH 4.5 with saturated sodium borohydrate.
Calculated H 2 concentrations
In aquatic systems, under steady-state conditions, H 2 -consuming bacteria bring down the H 2 concentration to a level where they gain only about 10-20 kJ mol À1 from the H 2 oxidation (Lovley and Goodwin, 1988; Schink, 1997; Hoehler et al., 1998) . Steady-state H 2 concentrations were calculated for the different H 2 oxidation pathways: sulfate reduction, acetogenesis and methanogenesis (Damgaard and Hanselmann, 2002) . The calculations are based on the equation:
where DG r is the Gibbs free energy for the reaction under the actual conditions of reaction, DG1 is the standard Gibbs free energy, R is the gas constant, T the temperature in Kelvin. PP y and PE z are the mathematical products of the activities of reaction products and educts, respectively, each raised to its stoichiometric coefficient y and z, respectively.
The free energy was calculated for different temperatures according to:
where DH1 is the enthalpy of the reaction. Temperature changes of the enthalpy were not included in the calculation as they were relatively small within the tested temperature range. Rearrangement of Equation (1) gives the equation for calculation of the H 2 concentration at steady-state conditions. For sulfate reduction:
for methanogenesis:
and for acetogenesis:
DG s 1(T), DG1 m (T) and DG1 a (T) are the temperatureadjusted free energies for sulfate reduction, methanogenesis and acetogenesis, respectively.
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen
The equilibrium H 2 concentrations for control by sulfate reducers were calculated according to:
The basis for the calculations is a free energy of DG s ¼ À20 and À35 kJ mol À1 for the Stations NHS and BC, respectively (see discussion). The hydrogen sulfide concentration was set at 1 mM, and sulfate concentrations according to a regression line through the sulfate concentrations shown in Figures 1a and 2a. The sulfide was not measured in the incubations but at the time of sediment sampling, concentrations were at or below the detection limit of 1 mM for all samples (data not shown).
The equilibrium H 2 concentrations for methanogenic control were calculated according to:
assuming a carbonate concentration of 5 mM, a methane concentration of 0.1 mM and a DG r of À20 or À35 kJ mol À1 for methanogenesis (see discussion section). The DG r values were chosen to reflect the free energy of hydrogenotrophic sulfate reduction at the upper temperature end. In comparison, methane concentrations in Cape Lookout Bight sediments increased to about 1 mM within 30 days after sulfate depletion at 22 1C (Hoehler et al., 1994) . Methanogenesis rates in Cape Lookout Bight sediments are about 10-fold higher than typically found in methanogenic Wadden Sea sediments (M Krueger, personal communication). As the investigated sediments do not undergo sulfate depletion on a seasonal basis, the rate of methane increase was, accordingly, assumed to be 1/10 of the rate found in Cape Lookout Bight despite the higher temperature in our incubations. An amount of 5 mM of dissolved inorganic carbon is a typical concentration in these sediments (Bö ttcher et al., 2000) . The equilibrium H 2 concentrations for acetogenic control were calculated according to:
Figure 1 (a) Sulfate reduction rates (SRRs) from the permanently cold Station J, measured after various durations of incubation. A mixture of volatile fatty acids (VFA) at 1 mM final concentration was added (see Materials and methods for details). (b) Sulfate concentrations and calculated SRR from the permanently cold Station BC, measured after 10 days of incubation. SRRs at Station BC were calculated from the decrease in sulfate concentration showing the cumulative effect of the sulfate reduction on the sulfate concentration. T opt, app ¼ apparent optimum temperature after the short incubation, T opt ¼ optimum temperature after the long incubation, both as determined with the radiotracer incubation for Station J. The data were previously published by Arnosti et al. (1998) À3 day À1 and the optimum temperature (T opt ) had dropped by 9 1C, from the initial 27 to 18 1C. The highest temperature tested for this incubation was 29 1C. The temperature optima after even longer incubations were similar to the 8.5 days data, although with more scatter (data not shown).
Pore water sulfate concentrations were measured in the sediment from Svalbard Station BC after 10 days of incubation (Figure 1b) . The sulfate concentrations in the pore water were about 23 mM at the lower temperatures and decreased with increasing temperature to a minimum of 17 mM at 18-20 1C. At temperatures above 20 1C, the concentration increased again, reaching 24 mM at 35 1C, and showed slightly lower values at the maximum temperature tested. SRRs were, in this case, calculated from the decrease in sulfate concentration showing the accumulative effect of sulfate reduction over the whole incubation. The initial sulfate concentration of 25 mM was used for the calculation of SRRs. In contrast to Figure 1a , which shows the SRR measured during a short radiotracer incubation, the results in Figure 1b , thus, show the mean SRRs throughout the entire incubation period. The calculated SRR curve for Station BC shows an optimum at 18-20 1C, similar to Station J.
Wadden Sea. The SRRs in sediment slurries from the temperate tidal flat at Station WW are shown in Figure 2a . The tracer incubations were carried out after an incubation for 1 h in the temperature gradient block. The rates increased 60-fold with temperature, from 30 nmol cm À3 day À1 at À3.5 1C to a maximum of 1800 nmol cm À3 day À1 at 34 1C. The rates decreased again to 1100 nmol cm À3 day À1 at the highest investigated temperature of 40 1C.
In the sediments from the Wadden Sea Station NHS, pore water sulfate concentrations were measured after 6 days of incubation (Figure 2b ). The concentrations started at about 6.5 mM at 0.3 1C and decreased with increasing temperature to reach a minimum of 0.28 mM at 32.5 1C, the T opt . At higher temperatures, the concentration increased again to about 6.5 mM at 40 1C. SRRs were calculated from the decrease in sulfate concentration over time and showed a temperature optimum of 33 1C. The initial sulfate concentration of 7.5 mM was used for the calculation.
H 2 Svalbard. Hydrogen concentrations in the tubes with sediment from Svalbard Station BC were measured at six different time points: after 1, 2, 4, 6, 10 and 29 days of incubation in the temperature gradient block (Figure 3 ). H 2 concentrations are plotted together with a hydrogen equilibrium curve Figure 3 Hydrogen concentrations in the samples from the permanently cold Svalbard Station BC measured after different incubation periods: (a) 1-4 days incubation, (b) 4-29 days incubation. T opt, app ¼ apparent optimum temperature after the short term incubation for sulfate reduction rate (SRR), T opt ¼ longincubation optimum temperature for SRR, both determined in the radiotracer incubations at Station J ( Figure 1a ); the solid line shows H 2 calculated based on thermodynamic control of H 2 oxidation by sulfate; the 4-day incubation data are shown in both figures to help comparison of the changes with time; notice the logarithmic scale for hydrogen.
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen based on thermodynamic considerations for sulfatereducing conditions (Hoehler et al., 1998) . The H 2 concentrations fall on a theoretical curve based on an energy yield of À35 kJ mol À1 K À1 for sulfate reduction over a broad temperature range. Concentrations began to deviate from that curve above a critical temperature (T crit ). This T crit decreased from 34 1C after 1 day of incubation to 25 1C after 4 days and later. After 1 day, the concentration of H 2 reached a maximum concentration of 500 nM at 36 1C. After two days, the maximum concentration had increased to 600 nM at 36 1C. With prolonged incubation, the maximum H 2 concentrations increased to a maximum of 5800 nM at a temperature of 36 1C after 4 days. After even longer incubation, however, the peak in H 2 concentration began to decrease again and was only 220 nM at 30 1C after 29 days of incubation (Figure 3b ).
Wadden Sea. Hydrogen concentrations in sediment from Wadden Sea Station NHS, the temperate tidal flat, were measured at five different time points: after 2, 3, 4, 5 and 8 (pre-experiment) days of incubation (Figure 4) . The H 2 concentrations are plotted together with a H 2 equilibrium curve based on thermodynamic considerations for sulfate-reducing conditions (Hoehler et al., 1998) .
The H 2 concentrations are parallel to the theoretical curve based on a free-energy yield of À20 kJ mol À1 up to a critical temperature of 31 1C, above which the concentrations show a transient increase. After 2 and 3 days, maximum H 2 concentrations of 45 nM were reached at the highest temperatures tested. These maximum concentrations decreased to approximately 10-15 nM during the following days. The H 2 concentrations deviated from the À20 kJ mol À1 curve and also at temperatures below 13 1C. The concentrations stayed almost constant around 0.6 nM from 13 1C down to 0.3 1C, where they reached levels typical for a free-energy yield of À35 kJ mol À1 as found in the sediments from the permanently cold site. VFA Svalbard. Volatile fatty acid concentrations in sediment from the permanently cold Station BC were measured at three different time points during the incubations: after 4, 10 and 29 days (Figures 5  and 6 ). Below the T crit (25, 27 and 28 1C at the three different time points, respectively), the concentrations of the fatty acids remained relatively independent of temperature. The only detectable VFAs were acetate and propionate. Above the T crit , the concentrations of acetate, propionate, butyrate, isobutyrate, valerate and isovalerate increased steeply with temperature. Lactate and glycolate concentrations were below or close to the detection limit in all samples at the low temperatures and reached 2-4 mM at the highest temperatures, without a clear temperature dependence (data not shown). In all samples, the concentration of acetate was higher than that of the other VFAs. The maximum concentration was 1750 mM at 40 1C ( Figure 5 ). The second most abundant VFA at 40 1C was propionate (350 mM) followed by butyrate (220 mM), isobutyrate and isovalerate (both about 140 mM) and valerate (12 mM) (Figure 6a ). The concentrations of VFA with more than three carbon atoms increased above 27-28 1C, whereas acetate and propionate increased above 25 1C. The concentrations of the acids showed a steady increase with temperature, except for valerate reaching maximum concentration at 34 1C. After 10 days, all VFA concentrations increased above 27 1C, reaching maximum concentrations at Figure 4 Hydrogen concentrations in sediment from the Wadden Sea Station NHS measured after different incubation periods. T opt ¼ optimum temperature for sulfate reduction rate (SRR); the solid line shows H 2 calculated based on thermodynamic control of H 2 oxidation by sulfate reduction; the 8 days incubation from the pre-experiment is included in the graph; notice the logarithmic scale for hydrogen. Figure 5 Acetate concentrations in the sediment from the permanently cold Svalbard Station BC after 4, 10 and 29 days of incubation. T opt, app ¼ apparent optimum temperature after the short incubation for sulfate reduction rate (SRR), T opt ¼ longincubation optimum temperature for SRR both determined in the radiotracer incubations at Station J (Figure 1a) . (Figure 6b ). The maximum concentrations were similar to those found after 4 days of incubation.
32-33 1C
After 29 days, the concentrations of acetate showed a higher scatter at temperatures above 28 1C compared to the previous sampling dates ( Figure 5 ). The average acetate concentration was only slightly higher than before. The increase of the VFA concentrations above the T crit was more abrupt at the third sampling time compared to the previous sampling dates, reaching a plateau with high scatter in the concentrations of some VFAs. The highest concentrations were similar to the maximum concentrations of the previous sampling dates.
Wadden Sea. Volatile fatty acid concentrations in the tubes with sediment from the temperate Wadden Sea Station NHS were measured at three different time points along the incubations: after 3, 6 and 9 days (Figures 7 and 8) . The general picture of the temperature response is very similar to the data from the permanently cold site. The concentrations of the acids stayed low and relatively constant at temperatures below the T crit of 32, 32 and 25 1C, respectively, at the three time points. The only detectable VFAs below the T crit were acetate and propionate. Above the T crit , the concentrations of acetate, propionate, butyrate, isobutyrate, valerate and isovalerate increased. Lactate and glycolate concentrations were below or close to the detection limit in all samples below the T crit reaching 2-5 mM at the highest temperatures (data not shown). The concentration of acetate was the highest in all samples compared to the other VFAs. The steepness of temperature response (mM/1C) of acetate concentration was always the greatest at the two to three temperatures analyzed just above the T crit , and leveled-off above that. The maximum acetate concentration at the first sampling time was 2000 mM at 40 1C (Figure 7) . The second most abundant VFA at 40 1C was propionate (660 mM) followed by butyrate (250 mM), isovalerate (225 mM), isobutyrate (200 mM) and valerate (10 mM) (Figure 8a ). The T crit for the VFA with more than three carbon atoms was 34-35 1C, compared to 32 1C for acetate and propionate. The concentrations of those VFAs showed a steady increase with temperature. After 6 days, the acetate concentrations started to increase at 32 1C followed by propionate (34 1C), isovalerate, butyrate and isobutyrate (35 1C) , and valerate at (37 1C) (Figures  7 and 8b) . Compared to the first sampling point, Figure 6 Volatile fatty acid (VFA) concentrations in sediment from the permanently cold Svalbard Station BC after (a) 4, (b) 10 and (c) 29 days of incubation. T opt, app ¼ apparent optimum temperature after the short incubation for sulfate reduction rate (SRR), T opt ¼ long-incubation optimum temperature for SRR both determined in the radiotracer incubations at Station J (Figure 1a) . Figure 7 Acetate concentrations in sediment from the temperate Station NHS after 3, 6 and 9 days of incubation. T opt ¼ optimum temperature for sulfate reduction rate (SRR).
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen maximum concentrations were higher for all VFAs, other than butyrate. Acetate reached a maximum concentration of 2900 mM, followed by propionate (1350 mM), isovalerate (460 mM), isobutyrate (370 mM), butyrate (115 mM) and valerate (42 mM). After 9 days, the VFAs started to increase already above 27-30 1C depending on the acid (Figures 7 and 8c ). With acetate starting above 27 1C, followed by propionate and then the longer chain acids (besides valerate). Between 33 and 36 1C, the concentrations of all VFAs showed a second major increase with temperature. The maximum concentrations were similar to those found after 6 days of incubation. The VFA increase at temperatures below 30 1C is almost certainly due to sulfate depletion rather than a temperature effect. This was estimated by extrapolating the sulfate concentrations measured after 6 days to the end of the experiment using the calculated SRRs.
Discussion
Sulfate reduction
The optimum temperature for SRRs after several days of incubation (T opt ) from the two permanently cold Stations BC and J were similar (Figure 1) . The time series of SRR measured in sediments from Station J showed a downshift of the temperature optimum with increasing incubation time ( Figure 1a) . After only 0.3 days of incubation, the apparent optimum temperature (T opt, app ) of sulfate reduction was 27 1C, similar to the optimum found in a previous investigation with Svalbard sediments using short incubation times (Arnosti et al., 1998; Sagemann et al., 1998) . The decrease in the optimum temperatures with prolonged incubation demonstrates that the sulfate reducers could maintain high activity at the highest temperatures only for a limited time, but were not able to keep up this high activity due to thermal stress. At the temperature optimum for the sulfate reducers for longer time periods (T opt ), the rate increased with prolonged incubation. These findings are consistent with previous results from experiments with sulfatereducing cultures (Knoblauch and Jørgensen, 1999) and from other psychrophilic bacteria (Harder and Veldkamp, 1967; Christian and Wiebe, 1974) . Knoblauch and Jørgensen (1999) found higher temperature optima for sulfate reduction than for growth of psychrophilic sulfate reducers in pure cultures. Similar effects are known to occur in methanogens (Miller et al., 1988) . Whether the increase in maximum SRR from the T opt, app to the T opt is due to growth of sulfate reducers, and thus to a larger population, or whether the increased rates are simply due to higher metabolic activity of the microorganisms. However, previous incubation experiments in the temperate gradient block with Arctic sediments from Svalbard showed no detectable bacterial growth within 10 days in the same temperature range, even after substrate addition (Marc Mussmann, unpublished data). At station BC, the SRR did not drop as sharply above the T opt as in incubations with similar length at station J (Figure 1b) . The decrease of the sulfate concentration in the pore water at Station BC shows the cumulative effect of sulfate reduction during the whole incubation period, whereas at station J, the measurement comprises just the tracer incubation period. At the T opt , the SRR was high over the entire incubation time resulting in a high-accumulated rate. At the T opt, app , as determined by the tracer Figure 8 Volatile fatty acid (VFA) concentrations in sediment from the temperate Station NHS after (a) 3, (b) 6 and (c) 9 days of incubation. T opt ¼ optimum temperature for sulfate reduction rate (SRR).
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen incubation for Station J after 0.3 days of incubation, sulfate reduction was high only at the beginning and decreased with time. With high rates in the beginning but low rate at the end of the incubation, the cumulative rate, reflected in the sulfate concentration after 10 days, will be intermediate at temperatures between the T opt and the T opt, app . VFA ( Figures  5 and 6 ) and H 2 (Figure 3) concentrations increased above the critical temperature (T crit ) for several days, suggesting that the fermenters have a higher maximum temperature compared to the sulfate reducers. At even higher temperatures, the sulfate reduction increases again as indicated by the SRRs at the highest temperatures at station BC. Spore-forming, thermophilic sulfate-reducing bacteria were found in these sediments, which are not active at in situ temperatures (Nickel, 2006; C Hubert, unpublished data) .
The optimum temperatures for sulfate reduction at the two temperate Stations, WW and NHS, are almost identical but considerably higher than those found at the permanently cold sites (compare Figures 1 and 2 ) and are very similar to the highest rates of sulfate reduction below 50 1C in temperate surface sediment (Parkes et al., 2007) . Previous investigations with sediment from a temperate site did not show a strong dependence of the T opt for SRR on the incubation time (data not shown), as it was found for the permanently cold sediments. Additionally, the SRR curve derived from the sulfate concentrations after 6 days has the same shape as the curve derived from the tracer incubations, indicating that no shift of the temperature optima between short and long incubations occurred. This is in good agreement with studies of mesophilic sulfate reducers in pure culture that have similar temperature optima for growth and sulfate reduction (Isaksen and Jørgensen, 1996) but in contrast to findings for psychophilic bacteria (Harder and Veldkamp, 1967; Christian and Wiebe, 1974; QJ; Knoblauch and Jørgensen, 1999) as well as our incubations of sediment from permanently cold sediments.
The mutually similar temperature-response curves of the two permanently cold stations J and BC from Svalbard differed characteristically from the mutually near-identical temperature response curves of the two temperate tidal flat stations, WW and NHS. Most likely, these results reflect differences between microbial populations in permanently cold versus temperate sediments rather than site-specific features.
Fermentation
Fermentation in complex environmental settings, such as marine sediments, proceeds via a wide array of different pathways. To date, the overall rate of fermentation cannot be measured directly. The various fermentation steps funnel the hydrolytic breakdown products of sediment organic matter into a relatively small array of intermediates, mainly VFA and H 2 , which serve as substrates for the terminal oxidizers. By measuring the concentration and the oxidation rates of these products, it is possible to quantify the carbon flow through fermentation.
Intermediates
Volatile fatty acids and H 2 are important intermediates during the degradation of organic matter. VFA and H 2 are end products of a range of fermentation reactions and serve as energy source for the terminal oxidizing microorganisms. In aquatic systems, the concentrations are usually very low, indicating that the terminal oxidizing microorganisms (such as sulfate reducers or methanogens) have a larger capacity of oxidizing the fermentation products compared to the fermentation rates. The terminal oxidizers keep the concentrations of VFA and H 2 low and are limited by the supply of electron donor from the fermenters. This is particularly obvious in the case of hydrogen. At steady state, H 2 concentrations are thermodynamically controlled by the terminal electron accepting process (Lovley and Goodwin, 1988; Hoehler et al., 1998) . The terminal oxidizers reduce the concentration to a level at which they gain only 15-20 kJ mol À1 (Hoehler, 2004) . By lowering the H 2 concentration to this level, the terminal oxidizers outcompete other microorganisms using energetically less favorable oxidation reactions, for example, sulfate reduction versus methanogenesis (Hoehler et al., 1998) . VFAs apparently do not show a thermodynamic control, but concentrations are usually in the lower micromolar range (for example, Christensen and Blackburn, 1982; Wu and Scranton, 1994; Wellsbury and Parkes, 1995) .
In our experiments, VFA and H 2 concentrations show two distinct temperature ranges of balance between production and consumption. Below a critical temperature (T crit ), which is close to the T opt,app and the T opt for sulfate reduction of the permanently cold and temperate sediments, respectively, the concentrations remain low, revealing a close coupling between fermentation and sulfate reduction. Above the T crit the concentrations increase sharply.
Below the T crit , the H 2 concentrations change in accordance to thermodynamic predictions for sulfate reduction control (Hoehler et al., 1998) . The VFA concentrations, which do not appear to be thermodynamically controlled, remain at a constant low level. The lack of a concentration change with time shows that fermentation and terminal oxidation respond similarly fast to changing temperatures. Thus, the sulfate reducers have the capacity to respond immediately to the increased fermentation with increasing temperature, indicating that they remain substrate limited. Thus, a potentially faster response by the sulfate reducers would be masked by substrate limitation for the sulfate reducers.
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen
Comparison of the incubation with (Station J and WW) and without (Station BC and NHS) substrate addition shows that the optimum temperature for sulfate reduction is not controlled by the VFA concentration, indicating that the optimum temperature of fermentation and sulfate reduction are similar. Radiotracer experiments with sediments from several stations in Svalbard showed no difference in the short-term temperature optimum of sulfate reduction with and without substrate additions (Sagemann et al., 1998) . As shown in other experiments, sediment mixing, slurrying or depletion of the dominant electron acceptor breaks the close coupling between fermentation and terminal oxidation. This results in a transient sharp increase in the concentrations of fermentation products that only slowly return to the original steady-state concentrations (Finke, 1999; Hoehler et al., 1999; Arnosti et al., 2005; Finke et al., 2007a, b) . This effect has not been sufficiently addressed in previous experiments with sediment suspensions. Interestingly, the coupling is robust, following a temperature change over a temperature range that widely exceeds the ecological temperatures, especially for the permanently cold sediment. At the temperate site, the maximum summer temperatures at the sediment surface are much closer to the T crit than the in situ temperature of the permanently cold sediment. The close coupling indicates that the metabolic capacity of the sulfate reducers significantly exceeds fermentation over this broad temperature range.
In the sediment from the permanently cold Station BC, the H 2 concentrations reveal a freeenergy yield of À35 kJ mol À1 K À1 for hydrogenotrophic sulfate reduction. This is considerably higher than the literature values of À20 kJ mol À1 K
À1
reported for temperate sites (Lovley and Goodwin, 1988; Hoehler et al., 1998) , but is consistent with bag incubations (Arnosti et al., 2005) and whole core H 2 measurements in sediments (Finke, 2003) Hydrogen concentrations show a transient increase with two distinct concentration levels ( Figure 9 ). In the sediment from the permanently cold site, the highest concentrations measured after 4 days of incubation (Figure 9a ) indicate that hydrogenotrophic acetogens control the H 2 concentrations (according to Equations (5) and (8)). After 29 days of incubation, the concentrations seem to be controlled by hydrogenotrophic methanogenesis (according to Equations (4) and (7)). Thus, the acetogenic bacteria apparently respond faster to the increased hydrogen concentrations, but are gradually outcompeted by the methanogens. A similar transient increase in H 2 under initial acetogenic control and then methanogenic control has been found in Cape Lookout Bight sediments after sulfate depletion (Hoehler et al., 1999) . In the sediments from the temperate site, the concentrations at the end of the experiment after 5 and 8 days indicate control by hydrogenotrophic methanogenesis. Even though methane production has not been determined in these experiments, subsequent incubation of Station BC sediment at 35 1C showed a steady increase of headspace methane concentration over 30 days of incubation (data not shown). Sediment from the Wadden sea is known to produce methane upon sulfate depletion (Finke et al., 2007a) or at temperatures above 30 1C (Heuer et al., in prep.) . Both acetogens and hydrogenotrophic methanogens must be present in these T-response of sulfate reduction and fermentation N Finke and BB Jørgensen sediments, which do not undergo sulfate depletion. These organisms are ready to consume hydrogen as soon as its concentration exceeds their thermodynamic threshold. Obviously, their upper temperature limit is higher than that of the sulfate reducers.
In contrast to the sediment from Svalbard Station BC, H 2 concentrations in NHS sediment deviated from the theoretical curve also at temperatures below 13 1C, where the H 2 concentrations stayed constant down to 2 1C (Figure 4) . Constant concentrations with time indicate, that here the change is not due to a shift in degradation pathways but suggest an increased energy demand for hydrogenotrophic sulfate reducers. At the lowest temperature tested, the energy gain for sulfate reduction is the same as that found in the samples from the permanently cold site, supporting this hypothesis. Conrad and Wetter (1990) reported upper and lower critical temperature for methanogenic archaea and acetogenic bacteria with respect to efficient H 2 uptake. At temperature extremes beyond the upper and lower critical temperatures, the microorganisms are not able to efficiently remove H 2 from media, thus, resulting in elevated concentrations.
Volatile fatty acid also accumulated at temperatures above the T crit . Acetate increased the fastest and to the highest concentrations in both sediments. At very high temperatures and after the second measurement, the concentrations of acetate did not increase much further. This can be due to a shift of the fermentation pathway at high end-product concentrations towards longer chain fatty acids (Schink, 1988) or a new kinetic equilibrium between fermenting and terminal oxidizing microorganisms. The concentrations of the VFA with the longer carbon chains increase throughout the incubation with highest rates at the higher temperatures. With increasing chain length, the VFA concentrations started increasing later, supporting the idea that a shift in the fermentation pathway towards longer VFA is the reason for the much lower acetate accumulation rate after a rapid initial increase. Alternatively, VFA might show only a transient increase, like that in H 2 concentrations, on a much longer time frame due to a slower turnover. Hoehler et al. (1999) found the response in acetate concentration after sulfate depletion in temperate coastal sediment to be much slower than that of H 2 . Incubation of temperate sediments at elevated temperatures showed a slight increase of acetate after 30-50 days in temperate sediment incubated at 30 1C but no elevated acetate concentrations after 18 months of incubation between 0 and 50 1C (Parkes et al., 2007) .
In the NHS incubations, the T crit was much lower at the last sampling point compared to the earlier measurements ( Figure 6 ). Extrapolating the sulfate concentrations from the 6-day sampling (Figure 2b ) indicate sulfate depletion towards the end of the incubation. Thus, it is very likely that sulfate depletion and a shift in terminal electron accepting process rather than temperature effects are responsible for the increase in VFA concentrations and thus a lowering of T crit .
Fermentation rates
The overall fermentation rate in complex sedimentary systems can be estimated from the production of the fermentation products. Assuming that acetate is the most important intermediate, a fermentation rate can be estimated based on the change in acetate concentration and the terminal oxidation rate by sulfate reduction (Wellsbury et al., 1997) . In both sediments studied, the acetate production closely followed the SRR curve throughout most of the investigated temperatures (Figure 10) , showing the same T opt for fermentation and sulfate reduction in the permanently cold sediment but slightly higher T opt for fermentation compared to sulfate redution in the temperate sediment.
In the permanently cold sediment, the fermentation rate increased above 27 1C and showed a second maximum at 30 1C, the temperature of the highest acetate concentrations. This indicates that the permanently cold sediment hosts two groups of Figure 10 Acetate production in the samples from (a) the permanently cold Svalbard Station BC and (b) the temperate Wadden Sea Station NHS. The acetate production was calculated from the measured acetate concentrations (Figures 6b and 8b ) and the sulfate reduction rate (SRR) (Figures 1b and 2b) , based on the simplified assumption that acetate is the only substrate for sulfate reduction.
T-response of sulfate reduction and fermentation N Finke and BB Jørgensen fermenting organisms with distinctly different T opt of 19 and 30 1C, corresponding to a psychrophilic and a mesophilic population. In contrast, the sediment from the temperate site showed only a mesophilic T opt of 34 1C for fermentation within the tested temperature window. The drop in calculated acetate production above 30 1C in the permanently cold sediment might be due to a shift in fermentation products rather than a decrease in fermentation rate. Thus, the actual T opt of the second group of fermenters might be even higher than 30 1C.
Conclusions
Temperature is a key environmental factor influencing microbial processes in aquatic systems. SRRs as well as calculated fermentation rates showed a strong dependence on incubation temperature. Concentrations of the important intermediates between these two processes, VFA and H 2 , however, remain low over a broad temperature range, revealing a close coupling between sulfate reduction and fermentation.
The sediment from the permanently cold station shows a constant close coupling and active sulfate reduction down to the lowest temperatures tested. At the upper temperature end, which is far above the in situ temperatures, the sulfate reduction decreases with time, shifting the optimum temperature towards lower values. This reveals a strong adaption by the fermentative and sulfate-reducing populations to the low in situ temperatures.
The sediment from the temperate site showed increasing energy demand for hydrogenotrophic sulfate reducers with decreasing temperatures below 13 1C, resulting in increased H 2 concentrations. At the upper temperature end, which is close to the highest in situ temperature, optimum temperature for sulfate reduction and critical temperature for VFA and H 2 consumption vary only by a few degrees. The populations in the temperate sediments show a stronger adaptation towards the higher temperatures, with potentially higher rates, than towards the low winter temperatures.
High intermediate concentrations above the critical temperatures show that fermentative bacteria tolerated higher temperatures than sulfate reducers. H 2 concentrations at high temperatures show that acetogenic and methanogenic microorganisms, tolerating higher temperatures, are present in these sediments that never undergo sulfate depletion in situ.
The presented experiments offer insight in the effect of temperature changes on the coupling of sulfate reduction and fermentation. Both sediments show a strong coupling over a temperature range, that strongly exceeds environmentally relevant temperatures. The physiological overcapacity of the sulfate reducers to degrade the fermentation products is not affected by the temperature change. This is counter to observations made with other manipulations, such as mixing and change of electron donor, which both lead to temporary increase in intermediate concentration. Only beyond a critical temperature for the sulfate reducers, this coupling is broken, resulting in increased intermediate concentrations as also seen after mixing and change of electron donor. Investigating the response of fermentation and sulfate reduction to temperature changes deepen our understanding of the coupling of the microbial food chain in marine sediments.
